Abstract-As part of the design studies of future power and research nuclear reactors, the validation of neutron and photon calculation schemes requires the implementation of nuclear heating measurements. Such measurements are usually performed in very low-power reactors, whose core dimensions are accurately known and where irradiation conditions are entirely controlled. The use of thermoluminescent dosimeters is particularly well suited to gamma heating measurements, although the TLDs are also sensitive to neutrons depending on their composition. Hence, for gamma heating assessment in a mixed gamma-neutron field, the neutron sensitivity correction factors of TLDs has to be accurately determined to ensure a better interpretation of doses measured in a reactor with reduced uncertainties. This paper presents the CANDELLE experiment, which is dedicated to the implementation of a pure neutron field calibration of lithiumenriched TLDs, by using the Platform for Studies and Research on Nuclear Energy platform of LPSC. This calibration step is part of a promising approach that has been recently developed at INFN for medical purposes, aiming at determining the gamma and neutron contributions to the doses measured by LiF TLDs in the mixed field, from the peak height ratios of the gamma and neutron calibration glow curves of this type of TLDs. The test irradiations conducted at LPSC within the first phase of the CANDELLE project allowed retrieving the peak height of LiF TLDs in fast neutron field, hence providing an early assessment of the neutron components of doses measured in the EOLE reactor at CEA Cadarache with around 10% uncertainty at 1σ . From these preliminary results, the second phase of the project will be devoted, on the one hand, to the use of moderator screens aiming at achieving a thermal neutron field while avoiding a too strong attenuation of the flux, and on the other hand, to the determination of the neutron spectrum at different locations within the irradiation area.
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I. INTRODUCTION
N UCLEAR heating is a major issue of the design studies of new core concepts, such as the Jules Horowitz reactor material testing reactor (MTR), especially regarding reactor operation and safety. Since it strongly affects the structural characteristics of the reactor (material evolution, component lifespan, and safety and performance requirements), its accurate determination remains a key point for the subsequent technological choices. Such measurements are usually performed in zero-power reactors (ZPRs) whose core dimensions are accurately known and where irradiation conditions (power, flux, and temperature) are entirely controlled. Due to the very low operating power of such reactors, typically ranging from some watts to some kilowatts, nuclear heating is assessed by using dosimetry techniques rather than techniques based on direct materials heating measurement, which are usually used in power reactors like MTRs.
In the past few decades, several experimental programs were conducted in the EOLE and MINERVE reactors of the French atomic energy and alternative energies commission (CEA Cadarache, France) [1] , aiming at improving gamma heating measurement methods using luminescent dosimetry-based techniques [2] - [8] . In particular, the use of thermoluminescent dosimeters (TLDs) is remarkably well suited to gamma heating measurements in ZPRs like EOLE and MINERVE, since the response of such dosimeters little depends on the photon energy over the reactor spectrum [5] , [9] . However, although they are highly sensitive to gamma radiation, TLDs are also, to a lesser extent, sensitive to neutrons. Hence, when irradiated in a mixed neutron/gamma field, such as the one of a nuclear reactor, the response of TLDs results from the sum of gamma and neutron dose components. Since the latter currently relies on the literature data with relatively high uncertainties (up to 50%-100%) [5] , [6] , [8] , the experimental determination of the neutron correction appears, therefore, to be crucial to a better interpretation of dose measurements in ZPR with reduced uncertainties. A promising approach, based on the use of two types of doped lithium fluoride TLDs precalibrated both in gamma and neutron fields, has been recently developed for medical purposes at the national institute for nuclear physics (INFN, Milan, Italy) [9] . This method would eventually allow the experimental discrimination of the gamma and neutron components of the total dose measured in the mixed gamma-neutron field.
Within the framework of the French interdisciplinary program for nuclear, energy, environment, waste, and society (NEEDS), the CANDELLE experiment is dedicated to the implementation of a pure neutron field calibration of LiF TLDs, by using the GENEPI-2 neutron source of the laboratory of subatomic physics and cosmology (LPSC, Grenoble, France) [11] . The first phase of the project, presented in this paper, involved carrying out preliminary irradiations to ensure the exploitability of the TLD glow curves (GCs). In Section II, the main principles of gamma heating measurements performed at CEA Cadarache, as well as the main principles of the discrimination method developed at INFN are presented. In Sections III and IV, the implementation and the results of the test irradiations carried out at LPSC, and a preliminary assessment of the neutron contributions to the total doses measured by LiF TLDs in two core configurations of the EOLE reactor is described.
II. GAMMA HEATING MEASUREMENTS USING TLDs

A. Overview and General Principles
Nuclear heating arises from the local deposition of energy in a material. This energy is initially carried by neutrons, prompt photons generated by fission, radiative capture and inelastic neutron scattering, and delayed photons emitted by fission and activation products decay. It is then transferred to electrons through neutron and photon interactions and finally deposited in the material as heat.
TLD relies on the ability of some crystals to trap excited electrons at intermediate energy levels. The intensity of the luminescence arising from the electron radiative recombination during the readout process is linked to the absorbed dose thanks to calibration and correction factors.
The measurement methodology with TLDs implemented at CEA Cadarache is fully described in [5] , [8] , and [12] - [13] , and summed up hereafter. The TLD pellets are usually made of luminescent materials such as doped calcium or lithium fluorides or alumina (CaF 2 , LiF, and Al 2 O 3 ). In order to ensure the charge particle equilibrium in the TLDs, they are encapsulated in 2-mm-thick pillboxes made of the material to be investigated. The encapsulated TLDs are first calibrated in a pure gamma field nearby a 60 Co source, and then irradiated in the mixed gamma-neutron field at the positions of interest in the reactor. The luminescent signals emitted by the irradiated TLDs, i.e., their GCs, are read out by thermal stimulation after withdrawal of the TLDs from the core. The absorbed doses are finally deduced from the integral of the GCs, thanks to the calibration curves and the correction factors related to the presence of the pillboxes and the neutron contribution to the total measured dose.
B. Description of the Gamma-Neutron Discrimination Method
The absorbed neutron dose strongly depends on the TLD composition, typically contributing to 10%-30% of the total measured dose in the mixed gamma-neutron field. In the previously described approach, the neutron sensitivity correction factors rely exclusively on the literature data with relatively high uncertainties (up to 50%-100%) [5] , [6] , [8] . However, researchers from INFN recently proposed a method aiming at discriminating the gamma and neutron components of the GCs of LiF TLDs irradiated in the mixed field. A complete description of this method can be found in [9] , and its main principles are presented below.
As shown in Fig. 1 , GCs of doped lithium fluoride TLDs (LiF: Mg and Ti) exhibit two peaks whose height ratio depends Fig. 1 . Contributions of gammas (red dashes) from a pure gamma field calibration and neutrons (pink triangles) from the direct subtraction of the gamma curve from the GC of a TLD-700 ( 6 Li/ 7 Li-0.01%) irradiated in mixed gamma-neutron field (blue line), compared with the GC of a TLD-600 ( 6 Li/ 7 Li-95.6%) irradiated with thermal neutrons (green squares, secondary axis) [9] .
on the relative contributions of gammas and neutrons to the total absorbed dose. The method relies on the determination of these two contributions from the GC of a TLD-700 ( 7 Li-enriched, i.e., low neutron sensitivity) irradiated in mixed field, using the calibration GC of the same TLD irradiated in a pure gamma field, and the one of a TLD-600 ( 6 Li-enriched, i.e., high neutron sensitivity) irradiated with thermal neutrons.
The assumption is made that, after background subtraction, the heights H 1 and H 2 of the two peaks exhibited by the GC of a TLD-700 irradiated in the mixed gamma-neutron field, i.e., in a reactor, can be expressed as
where D γ is the absolute gamma dose, φ n is the thermal neutron fluence, and
, and H n 2 are the respective heights of the gamma (γ ) and neutron (n) contributions to the first (subscript 1) and the second (subscript 2) peaks of the TLD-700 GC, normalized to dose and fluence units. The gamma dose in the mixed field (corrected for the neutron component) is then given by the following relation:
The R n ratio is obtained from the GC of an uncalibrated TLD-600 ( 6 Li-enriched) irradiated with thermal neutrons, assuming that the gamma contribution for this type of TLD is usually negligible compared to the neutron contribution due to very high neutron cross section of the 6 Li. The peak heights H γ 1 and H γ 2 are deduced from the TLD-700 calibration GCs in pure gamma field and normalized to dose unit. The accuracy of the method can be checked, as shown in Fig. 1 , where the neutron component of the TLD-700 GC (pink triangles), obtained by subtracting the gamma dose calculated with (3), is compared with the GC of a TLD-600 irradiated with thermal neutron (green squares). 
III. CANDELLE EXPERIMENT
A. Objectives
The first phase of the project consisted in test irradiations aiming at accumulating a sufficiently high neutron dose to ensure the exploitability of the two glow peaks of the LiF TLDs without saturating neither the TLDs nor the readout setup. In particular, the measurement of the TLD-600 peak height ratio R n would eventually allow a preliminary assessment of the neutron contributions to the total doses measured by TLD-700 in the mixed gamma-neutron field, i.e., in a reactor.
B. Experimental Setup
The irradiations were carried out with the fast neutron pulsed source provided by the GENEPI-2 electrostatic accelerator of the Platform for Studies and Research on Nuclear Energy (PEREN) platform (schematized in Fig. 2 ) [11] . The pulsed duoplasmatron ion source located in an insulated high-voltage platform (250 kV) delivers deuterons pulses with a full-width at half-maximum around 600 ns and a peak current of about 50 mA. The ions are extracted from the source and accelerated through the accelerator tube up to an energy of 250 keV. They are then analyzed by a magnet selecting the D + ions, which are finally guided onto a deuterated or tritiated target through electrostatic quadrupole lenses controlling the beam transverse dimensions. The whole beamline is kept under a vacuum of about 10 −7 mbar. In order to maximize the neutron dose absorbed in the TLDs during the campaign, the ion source operated at the maximum frequency of 4 kHz. Fast neutrons were produced through D-D nuclear reactions in a deuterated target (TiD) with a maximum energy of 3.1 MeV at 0°. This spectrum is indeed much closer to the thermal reactor spectrum than that of the D-T reaction (around 15.2 MeV in the same conditions with the tritiated target). However, one should note that, during the test campaign, the neutrons were not thermalized by any moderator screen.
The Li-enriched TLD square pellets (3.2 × 3.2 mm 2 and 0.9 mm thick), namely, TLD-600 ( 6 LiF: Mg, Ti, and 95.6% 6 Li) and TLD-700 ( 7 LiF: Mg, Ti, and 99.9% 7 Li), were stacked in aluminum pillboxes (∅ ext 9 mm, ∅ int 5 mm, and 10.6 mm high), separated by aluminum shims (∅ 4.8 mm and 2-mm thick) in order to ensure an homogeneous thickness of the material surrounding each TLD. The irradiation configuration is presented in Fig. 3 . Three aluminum pillboxes encapsulating the TLDs were attached with Kapton tape around an aluminum rod fixed at 0°behind the target along the beam axis. The pillboxes were located at around 3 cm from the target, under which conditions the fast neutron flux at 0°was estimated to be about 5 × 10 3 cm −2 · s −1 . Three irradiations were performed throughout the campaign, including a 6-h irradiation the first day and two 3-h irradiation the following two days. The TLDs were read out immediately after each irradiation.
C. Preliminary Results
The GCs of the most irradiated TLD-600 and TLD-700, 12-h irradiation, are presented in Figs. 4 and 5 , respectively. Assuming a fast neutron flux of 5 × 10 3 cm −2 · s −1 (see Section III-B), the integrated fluence reached in these conditions is around 2 × 10 8 cm −2 . It is worth noting that this fluence is much lower than the one usually reached during typical measurements in ZPR, of the order of 5 × 10 10 cm −2 for 10 min irradiation at 10 W with a 10 8 cm −2 · s −1 thermal flux. The peak height ratios of the TLDs irradiated throughout the campaign are summed up in Table I . Considering from preliminary calculations that the gamma production due to the activation of the aluminum pillboxes is negligible with respect to the neutron flux (fast neutron flux, whereas radiative capture of 27 Al is sensitive to thermal neutrons), the averaged peak height ratios in pure fast neutron field are 4.66% ± 5% for TLD-600 (with a standard deviation of 3.7% on all measurements) and 4.97% ± 5% for TLD-700 (standard deviation of 12.2%). The 5% uncertainty comes from the repeatability of the TLD measurements (estimated to be 5% from previous programs in EOLE and MINERVE reactors) and the determination of the peak heights and positions (it was considered a 5% error on each peak height determination). Finally, with four measurements with each type of TLDs, the final uncertainty on the average peak height ratios was estimated at 5%.
The peak height ratios of both types of TLDs are of the same order of magnitude, although the standard deviation is much higher for the TLD-700 because of the very low statistics gathered for this type of TLDs.
Despite a rather low and nonthermalized neutron flux, the statistics is higher for the TLD-600 due to the higher heating factor [due to the (n, α) reaction], leading to a reduced standard deviation on the TLD-600 measurements. As expected, the statistics, i.e., the integral of the GC (in nC), increase almost linearly with regard to the irradiation time.
Those preliminary results show that despite the rather low statistics due to the low fluence reached during the irradiations at the PEREN platform (in regard to the ones usually reached during irradiations in ZPR), the two glow peaks are clearly visible on the GCs of LiF TLDs. Their respective heights and positions can relatively easily be retrieved through a suitable processing, hence providing a quite reliable peak height ratios. However, better uncertainties could be reached with a higher neutron flux and by using moderator screens. Eventually, the measurement of the average TLD-600 peak height ratio in pure neutron field, written R n in (3) (Section II-B), should allow assessing the neutron contributions to the total doses measured by TLD-700 in the mixed gamma-neutron field, i.e., in a reactor.
IV. EVALUATION OF THE NEUTRON CONTRIBUTIONS TO THE TOTAL DOSES MEASURED IN MIXED FIELD
A. Gamma Dose Calibration
The TLDs were calibrated at the radiation protection service (SPR) of CEA Cadarache, in a pure gamma field nearby a 60 Co source, whose β − decay leads to the emission of two gamma rays at 1.17 and 1.33 MeV. This provides the best representativeness conditions with respect to the reactor prompt photon spectra, ranging from 100 keV to 7 MeV with a major contribution between 1 and 3 MeV, and a mean energy around 1.7 MeV. The gamma calibration factor F c of a TLD (usually expressed in nC.mGy −1 ) is given by the following equation:
where K air (in mGy) corresponds to the Kerma gamma (kinetic energy released per mass unit) measured in air with a calibrated ionization chamber at the calibration location without the TLD; and Q γ is the luminescent response of the TLD, i.e., the integral of its GC (in nC). As shown in Fig. 6 , the pillboxes are placed given a grid with Kapton tape on a vertical metallic plate. The measurements were performed at 80 cm from the source so as to limit the radial variation of the gamma flux between the TLDs encapsulated in the same pillbox, as well as between different pillboxes within the calibration area. According to preliminary calculations, the variation of the gamma flux did not exceed 0.5% at 80 cm from the source within a 5 cm radius around the incident beam. The TLDs were calibrated at different K air values between 100 mGy and 2 Gy, corresponding to the expected dose range for gamma heating measurements in ZPR (typically 10 min at 10 W), and matching the linearity range of the TLDs response. The calibration factors were measured with around 5% uncertainty at 1σ , taking into account the repeatability of the measurements and the uncertainties on the K air values. Since the calibration factors may vary by more than 5% between different TLDs, these latter were calibrated individually. The GC of a TLD-700 irradiated at 1 Gy is presented as illustrative purposes in Fig. 7 . The average peak height ratios in pure gamma field for both TLD-600 and TLD-700 are within 45% to 50% ± 5%. The 5% uncertainty is estimated from the repeatability of the TLD measurements and the determination of the peak heights and positions. The standard deviation on all measurements with the same TLD is quite variable as it ranges from 5% to 15% depending on the TLD. The peak height ratios in pure gamma field are very different from those measured in pure fast neutron field. The second peak is indeed barely noticeable on some GCs, with respect to the first peak, which seems to be more sensitive to gammas. Finally, the quantities of interest deduced from the gamma (Section II-B) .
B. Irradiations in the EOLE Reactor
The gamma-neutron discrimination method developed at INFN (described in Section II-B) has been tested on the gamma heating measurements carried out in the EOLE ZPR at CEA Cadarache. Two core configurations were investigated, consisting of a square lattice of UO 2 fuel pins, directly surrounded by a stainless steel baffle and moderated with borated light water.
1) In the first configuration presented in Fig. 8 called "steel configuration," the fuel pins located along the northern and southern parts of the core near to the baffle were replaced by stainless steel pins. 2) In the second configuration, which is presented in Fig. 9 , called "hafnium configuration," some fuel pins spread within the southern part of the core were replaced by hafnium rods. As shown in Figs. 8 and 9 , several measurement locations in the southern part of the EOLE reactor have been investigated in both configurations, by using TLD-700 encapsulated in aluminum, stainless steel, or hafnium pillboxes depending on the location. In each configuration, those locations had different neutron and gamma spectra, as well as different gamma/neutron flux ratios. One can note that the TLD-600 were not used during this campaign, as they are not suitable for gamma heating measurements in the mixed gamma-neutron field. As during neutron irradiations and gamma dose calibration, the TLDs were stacked in 2-mm-thick pillboxes made of the material to be investigated in each configuration, here either aluminum, stainless steel, or hafnium. They were separated by 2-mm-thick shims made of the same material as the pillbox to ensure the isotropy of the cavity surrounding each TLD. The irradiation configuration is presented in Fig. 10 . Two pillboxes were stacked and centered at the midcore height (maximum neutron and gamma flux) in the measurement overclad, using shim rods to ensure the positioning reproducibility. At each measurement location, the overclad and shims were made of the same material as the pillboxes, i.e., aluminum, stainless steel, or hafnium depending on the location in the core. The axial buckling of the neutron and gamma flux was considered negligible on the pillboxes stack height (∼20 mm) centered on the mid-core plane.
Considering a maximum thermal neutron flux around 10 8 cm −2 · s −1 at the core center mid-plane, the maximum neutron fluence reached at the end of a 10-min irradiation at 10 W was of the order of 5 × 10 10 cm −2 , to be compared to the 2 × 10 8 cm −2 maximum fluence reached during the fast neutron irradiations performed at the PEREN platform (see, Section III-C).
A typical GC of a TLD-700 irradiated at around 1.2 Gy in aluminum in the EOLE reactor is illustrated in Fig. 11. (The GCs are similar in both steel and hafnium configurations.) The peak height ratios range from 25% to 40% ± 5% depending on the location in the core. The 5% uncertainty is estimated from the repeatability of the TLD measurements and the Fig. 11 . GC of a TLD-700 irradiated 10 min at a constant power of 10 W in the EOLE reactor center core (steel configuration, total dose: 1.2 Gy). Raw data (black crosses) are smoothed through cubic spline interpolation (green line) in order to get the two peak height values (red triangles). determination of the peak heights and positions. The peak height ratios in the mixed field depend on the neutron energy distribution, as well as on the gamma/neutron flux ratio at the different measurement locations (center, periphery, or water). Despite the presence of neutrons, the second peak of the GCs is still very low compared with the first peak, as expected, which is more sensitive to gammas, reflecting the very high gamma sensitivity of the TLD-700.
Finally, the actual gamma dose D γ integrated by a TLD-700 in both configurations (corrected for the neutron component) can be assessed through (3) (Section II-B) by using the following: 1) the peak heights H 1 and H 2 of this TLD-700 irradiated in the mixed gamma-neutron field, i.e. in reactor; 2) the average peak heights H 3) the average peak height ratio R n of neutron-irradiated TLD-600 (Section III-C). The value of D γ in Gy is finally obtained, thanks to the gamma calibration factor F c of the considered TLD-700 (see Section IV-A), and a calculated cavity correction factor F p , enabling the conversion of the Kerma gamma in air delivered by the calibration source into the actual dose integrated by the encapsulated TLD (obtained with a Monte Carlo TRIPOLI4.9 [14] calculation).
C. Results and Discussion
The average neutron contributions presented in Tables II and III are obtained by subtracting the gamma doses calculated through (3) to the total doses measured by TLD-700 during 10 min at 10 W at different locations, respectively, in the steel and hafnium configurations of the EOLE reactor. As the preliminary neutron irradiations at the PEREN platform were only performed with TLDs encapsulated in aluminum pillboxes, only the results for the corresponding measurements in the EOLE reactor are presented. In the steel configuration, the core periphery locations correspond to the outer row of the fissile part of the core, close to the steel pins, whereas in the hafnium configuration they correspond to the locations close to the stainless steel baffle surrounding the core (see Figs. 8 and 9 , respectively).
The relative uncertainty on each TLD measurement is around 5%. In each location and configuration, several measurements were performed, leading to dispersion ranging from 5% to 10%, which are of the same order of magnitude as the final relative uncertainty. Such experimental uncertainty is much better than the neutron sensitivity correction factors which are usually applied to the total measured doses in the mixed gamma-neutron field. Indeed, these factors rely exclusively on the literature data with quite large uncertainties (up to 50%-100%) [5] , [6] , [8] . However, one should notice that the results in the core periphery of the hafnium configuration show a higher dispersion, hardly consistent with the expected uncertainty on these measurements. A deeper analysis of these results should be carried out, as long as a sensitivity study of the gamma and neutron doses in this location to the technological parameters of the core, to explain those results. Moreover, it has been shown in [15] that for nat Lif:Mg,Ti TLD, the second peak of the GC is nonlinear with regard to the absorbed dose, for doses higher than 100 mGy. Further measurements at various neutron doses should be carried out to assess the behavior of TLD-600 and TLD-700 relative peak heights.
Even if the two core configurations are not directly comparable, the average total doses and neutron components in the center core and water seem quite similar for both steel and hafnium configurations. However, the results differ in the core periphery due to the presence of the outer stainless steel pin rows in the first configuration, and the hafnium rods in the second one. Although these preliminary results have to be compared to calculations to check their reliability, they provide an early assessment of the neutron contributions to the total doses measured by TLD-700 in two core configurations of the EOLE reactor. However, they rely on the test irradiations performed in fast neutron field at the PEREN platform, with a relatively low integrated fluence compared with the one usually reached during typical gamma heating measurements in ZPR (10 min at 10 W, see Sections III-C and IV-B). Thus, a more accurate assessment of the neutron dose components in the mixed field with reduced uncertainties could be achieved with a much higher neutron flux at the PEREN platform and by using moderator screens. This would strongly increase the counting statistics of the TLD-600 calibration GCs, especially thanks to the high neutron cross section of 6 Li in the thermal neutron field (945 b at 0.025 eV, falling down to 1.9 b at 3.1 MeV), hence allowing a more accurate further processing of the two glow peaks. Moreover, as far as the neutron moderation does not involve a too strong attenuation of the flux, it would permit to get closer to the ZPR irradiation conditions, both in terms of spectrum and integrated dose. In the core center of both configurations, the neutron flux is similar to the one of a pressurized water reactor, a comparison to the neutron flux in the TLDs during the CANDELLE experiment is shown in Fig. 12 .
V. CONCLUSION
This paper presents the CANDELLE experiment, which is dedicated to the implementation of a pure neutron field calibration of lithium-enriched TLDs, by using the PEREN platform of LPSC. Relying on a gamma-neutron discrimination method recently developed at INFN, based on the peak height ratios of the gamma and neutron calibration GCs, the aim of the CANDELLE project is to accurately determine the neutron contributions to the total doses measured by LiF TLDs in the mixed field. Despite a rather low integrated fluence compared with the one usually reached in ZPR, the test irradiations conducted at the PEREN platform within the first phase of the project allowed retrieving the peak height ratios of LiF TLDs in fast neutron field with around 5% uncertainty at 1σ . These preliminary results, along with the gamma dose calibration of the TLDs nearby a 60 Co source, provided an early assessment of the neutron contributions to the total doses measured in two core configurations of the EOLE reactor with around 10% uncertainty (except for the measurements in the core periphery of the hafnium configuration). In order to support these results, they still have to be compared to calculations in order to check their validity, as well as to the previous methodology which relies on the literature data with uncertainties up to 50%-100%.
In order to achieve a more accurate assessment of the neutron dose components in the mixed field with reduced uncertainties, the second phase of the CANDELLE experiment will be devoted to the following: 1) the implementation of neutron irradiations with a higher flux and using moderator screens, aiming at achieving thermal and epithermal neutron fields while avoiding a too strong attenuation of the flux; 2) the determination of the neutron spectrum at different locations within the irradiation area at the PEREN platform. Lastly, additional calculations will be needed to assess the gamma production within the pillboxes and the screens.
